Introduction {#s1}
============

Skeletal muscle tissue is characterized by a high plasticity allowing tremendous metabolic adaptation in response to different physiological conditions. This flexibility occurs in parallel to changes in mitochondrial activity [@pone.0114388-Ljubicic1]. Recent studies have shown that mitochondria, besides their role in fuel metabolism, significantly influence muscle development, through the regulation of myoblast proliferation and differentiation, and the acquisition of contractile and metabolic features of muscle fibers [@pone.0114388-Rochard1], [@pone.0114388-Duguez1], [@pone.0114388-Seyer1], [@pone.0114388-Seyer2]. Indeed, mitochondrial activity controls myoblast differentiation via the regulation of c-Myc, Myogenin and Calcineurin expression. The same molecular targets are involved in the inhibitory effect of chloramphenicol, an inhibitor of mitochondrial protein synthesis, on myogenic differentiation. Conversely, upregulation of mitochondrial activity upon overexpression of the mitochondrial triiodothyronine receptor (p43) stimulates terminal differentiation [@pone.0114388-Rochard1], [@pone.0114388-Seyer1], [@pone.0114388-Seyer2].

Among the metabolic regulators, the sirtuin family, composed of seven NAD^+^ -dependent lysine deacetylases (NAD^+^: Nicotinamide Adenine Dinucleotide) is a group of metabolic sensors for cellular NAD^+^/NADH ratio. These proteins differ in tissue specificity, subcellular localization, enzymatic properties and targets [@pone.0114388-Houtkooper1]. Sirtuin1 (SIRT1), the most studied sirtuin, localizes to the nucleus where it deacetylates histones, transcription factors and their co-regulators. In muscle cells, SIRT1 interaction with MyoD and its co-activator P300/CBP-associated factor (PCAF) inhibits its function and prevents muscle differentiation [@pone.0114388-Fulco1]. Moreover, Fulco et al. reported that SIRT1 depletion, mediated by RNA interference, induces muscle cell differentiation in a non-permissive micro environment (AICAR insensitive) [@pone.0114388-Fulco2].

Three sirtuins are localized in mitochondria: SIRT3, SIRT4 and SIRT5, and participate in the regulation of ATP production, metabolism and cell signaling [@pone.0114388-Verdin1]. SIRT3 is considered as the major mitochondrial deacetylase since its depletion leads to mitochondrial protein hyperacetylation, an event not occurring after SIRT4 or SIRT5 inhibition [@pone.0114388-Lombard1]. In agreement with these observations, recent studies have established that, in addition to a weak deacetylase activity, SIRT4 and SIRT5 have other functions; SIRT4 exerts an inhibitory ADP-ribosyl-transferase activity towards the glutamate dehydrogenase (GDH) [@pone.0114388-Haigis1] and SIRT5 was reported to exert a desuccinylase/demalonylase activity [@pone.0114388-Du1].

The first identified SIRT3 target was the mitochondrial protein acetyl-coenzyme A (acetyl CoA) synthase 2 (AceCS2) which requires deacetylation in order to convert acetate to acetyl CoA in the presence of ATP [@pone.0114388-Hallows1], [@pone.0114388-Schwer1]. Similar positive effects are as well described upon SIRT3 dependent deacetylation of the glutamate dehydrogenase (GDH), an enzyme required for urea synthesis, and the long-chain acyl CoA dehydrogenase (LCAD), a central enzyme in the fatty acid oxidation pathway [@pone.0114388-Hirschey1]. Moreover, SIRT3 modulates the production of cellular ROS *via* deacetylation of antioxidant enzymes such as superoxide dismutase 2 (SOD2, MnSOD) [@pone.0114388-Qiu1], [@pone.0114388-Tao1]. SIRT3 also controls ATP levels by modulating the activity of the respiratory chain complexes I and II upon binding to NDUFA9 [@pone.0114388-Ahn1] and SdhA [@pone.0114388-Cimen1] subunits respectively.

Consequently, it becomes increasingly clear that reversible lysine acetylation is a major post-translational modification of the mitochondrial proteome central for the maintenance of their proper function and for the adaptation of mitochondrial activity. In turn, our group previously described the involvement of mitochondrial activity in the regulation of myoblast differentiation and myogenic factor expression and/or activity. Since SIRT3 does modulate mitochondrial activity, we have investigated here its influence on myoblast differentiation.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

Mouse myoblasts of the C2C12 cell line (ATCC) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) containing 4.5 g/l glucose, 0.584 g/l L-glutamine, and 3.7 g/l sodium bicarbonate and supplemented by gentamycin (50 µg/ml), amphotericin (50 µg/ml), and Fetal Calf Serum (FCS, 10%). Terminal differentiation was induced when cells reached 80% of confluence, by replacing FCS by horse serum (2%). The differentiation medium was changed every two days.

SIRT3shRNA {#s2b}
----------

pTER-shSIRT3 expression vectors were generated with siRNAs against murine SIRT3 (Santa Cruz *sc-61556A and sc-61556B*) inserted into pTER vector at *Bgl*II and *Hind*III sites, using the following two oligonucleotides pairs [@pone.0114388-VandeWetering1]:

5′gatcCC*AAGTAGTGAGTGACATTGG*TTAGTGAAGCCACAGATGTAA*CCAATGTCACTCACTACTT*TTTTTGGAAA-3′and

5′agctTTTCCAAAAA*AAGTAGTGAGTGACATTGG*TTACATCTGTGGCTTCACTAA*CCAATGTCACTCACTACTT*GG-3′ for clone series 1;

5′gatcCC*ATATGGAGTAGGAACCTTG*TTAGTGAAGCCACAGATGTAA*CAAGGTTCCTACTCCATAT*TTTTTGGAAA-3′ and

5′agctTTTCCAAAAA*ATATGGAGTAGGAACCTTG*TTACATCTGTGGCTTCACTAA*CAAGGTTCCTACTCCATAT*GG -3′ for clone series 2.

To obtain pTER-shLuc control vector expressing siRNA against firefly luciferase, the following oligonucleotide pair was inserted into pTER:

5′GATCCCCGTACGCGGAATACTTCGATTCAAGAGATCGAAGTATTCCGCGTACGTTTTTGGAAA-3′ and

5′AGCTTTTCCAAAAACGTACGCGGAATACTTCGATCTCTTGAATCGAAGTATTCCGCGTACGGG-3′. All construct sequences were confirmed by sequences analyses.

These vectors were transfected into C2C12 cells using the JetPEI transfection reagent (Polyplus transfection) according to the manufacturer\'s instructions. Clones stably expressing SIRT3 or Luc shRNA were selected 48h after transfection by addition of 0.8 mg/ml Zeocin and positive clones were further maintained in 0.4 mg/ml Zeocin.

Retrovirus Production {#s2c}
---------------------

Retroviral vector pBabe-MyoD was generated using the pEMSV-MyoD expression vector [@pone.0114388-Davis1] and the retroviral backbone pBabe-puro (Cell Biolabs). The 1.7 kb murine MyoD fragment was cut with EcoRI and then inserted into pBabe-puro at EcoRI sites.

Retroviral constructs were transiently transfected using the JetPEI transfection reagent into Plat-E packaging cells to produce non-replicating retrovirus and the supernatant was harvested.

Retroviral infection {#s2d}
--------------------

C2C12 cells were seeded at 8×10^3^ cells/cm^2^ and grown in proliferative medium. When cells reached 50% of density, the medium was replaced with a 2∶1 dilution of Plat-E retroviral supernatant with 8 µg/ml polybrene and incubated at 37°C. The next day, the cells were rinsed and placed in fresh medium, and allowed to reach confluence. For MyoD rescue on SIRT3shRNA clones, myogenic cells were analysed at confluence, and following differentiation for one to three days.

Cytoimmunofluorescence and fusion index {#s2e}
---------------------------------------

Myoblast differentiation was assessed by morphological changes and accumulation of muscle-specific markers. After fixation with 3% paraformaldehyde for 30 min, cells were permeabilized 10 min in 0.25% Triton X-100 and saturated in PBS--FCS (5%). Revelation was performed using an anti-Troponin T or α-Tubulin antibody (Sigma, 1∶100 and 1∶500 respectively) and detected with a photoprobe 488 secondary antibody (anti-Mouse IgG). Nuclei were stained with Hoechst 33258 (1 µg/ml). All images were digitalized using the Kappa image base analysis system.

To calculate the fusion index, the number of nuclei incorporated into myotubes (\>2 nuclei) was assessed and the ratio of this number to the total number of nuclei was determined. Nuclei were counted on 10 images/dish using Image J software.

Immunoblotting {#s2f}
--------------

Cells were lysed in Tris-NP40 buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40) supplemented with a protease inhibitor cocktail (Roche Diagnostics). Total protein concentration was determined using the Bio-Rad protein assay.

Fifty µg of proteins were run on SDS-PAGE mini-gels at the appropriate concentration of acrylamide and transferred onto nitrocellulose membrane. Membranes were blocked (1 h at room temperature) with a 5% skim milk in 1×TBST (Tris-buffered saline Tween-20: 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, and 0.2% Tween-20) solution and probed with an antibody raised against SIRT3, SIRT1 (Cell Signaling, 1∶1000), Myogenin, MyoD (Santa Cruz Biotechnology, 1∶50), voltage-dependent anion-selective channel (VDAC) (Abcam 1∶3000), Citrate synthase (Genetex, 1∶1000), PGC-1α (Calbiochem,1∶500) and Tubulin (Sigma, 1∶10000) overnight at 4°C. After washes with TBST, blots were incubated at room temperature (1 h) with the appropriate secondary antibody coupled to horseradish peroxidase and washed again. Antibody-bound protein was revealed using the ECL reagent (Thermo Scientific). Films were scanned and analyzed using Image J software. All blots were corrected for loading using Tubulin expression.

Real-time PCR analysis of mRNA levels {#s2g}
-------------------------------------

Total RNA was extracted from cells using the Trizol reagent (Invitrogen Life Technologies) as recommended by the manufacturer. RNA concentration was determined spectrophotometrically (λ = 260 nm) and integrity of mRNA was analyzed on agarose gel.

Reverse transcription reaction was performed with 1 µg of total RNA using SuperScript First-strand synthesis system, with 50 units of Superscript II reverse transcriptase, random hexamers, and Oligo (dT) primers (Invitrogen Life Technologies) according to the manufacturer\'s instructions. Reverse transcription was performed simultaneously for all samples.

mRNA gene expression was determined by Real-time Quantitative Polymerase Chain Reaction (RT-qPCR). RT-qPCR analyses were performed in a MiniOpticon detection system (Biorad, Hercules, CA, USA) with 7.5 µl of IQ^TM^ SYBR Green Supermix (Biorad, Hercules, CA, USA), 200 nM of both forward (Sirt3-For: 5′-CTGACTTCGCTTTGGCAGAT-3′) and Reverse (Sirt3-Rev: 5′-GTCCACCAGCCTTTCCACAC-3′) primers, 2 µl of cDNA template, and water to a final volume of 15 µl. Primers were designed using Universal Probe Library Assay Design Center (Roche Applied System) and RT Primer Data Base.

PCR was performed in duplicate using the following cycle parameters: 30 s at 98°C, followed by 40 cycles of 1 s at 92°C and 15 s at 60°C. Melting point dissociation curves were performed between 65°C and 95°C (temperature transition of 0.5°C) to confirm that only a single product was amplified. To ensure quality of the measurements, each PCR experiment for each gene included a negative control (sample replaced by RNase free water). Results were expressed using the comparative cycle threshold (Ct) method (CFX Manager, Biorad): the (ΔΔCt values were calculated in every sample for each gene of interest with TBP (TBP-For: 5′ -TGTGCACAGGAGCCAAGA-3′, TBP-Rev: 5′-CCCCACCATGTTCTGGAT-3′) and ARP (ARP-For: 5′-ACTGGTCTAGGACCCGAGAAG-3′, ARP-Rev: 5′-TCCCACCTTGTCTCCAGTCT-3′) as the reference genes. All results are expressed relative to shCTL cells in proliferative state and presented as means ± SD.

Mitochondrial isolation {#s2h}
-----------------------

Mitochondria were isolated as previously described by Frezza et al. [@pone.0114388-Frezza1]. Briefly, cells were pelleted by centrifugation for 10 min at 600 g and resuspended in ice-cold isolation buffer (IBc; 10 mM Tris--MOPS, 1 mM EGTA/Tris, and 200 mM sucrose, pH 7.4). Cells were homogenized with a motor-driven glass--Teflon potter at 1,600 rpm for 5 min.

Nuclei and unbroken cells were removed by centrifugation for 10 min at 600 g at 4°C and mitochondria were pelleted from the supernatant by further centrifugation for 10 min at 7000 g at 4°C. Mitochondria were resuspended in IBc, and protein content was determined using the Bradford assay.

Enzyme activity assays {#s2i}
----------------------

The maximal enzymatic activity of mitochondrial respiratory chain complexes and Citrate synthase (CS) were measured in SIRT3shRNA and LucshRNA clones at confluence and on the third day of differentiation. Complex II (CII), Cytochrome c oxidase (COX) activities were measured spectrophotometrically according to Rustin et al. [@pone.0114388-Rustin1] and Wharton et al. [@pone.0114388-Wharton1]; CS activity was measured according to Srere [@pone.0114388-Srere1]. MnSOD activity was measured on isolated mitochondria according to Marklund [@pone.0114388-Marklund1].

Respiration {#s2j}
-----------

Cell oxygen consumption was measured using the high-resolution Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria). Cells were incubated in two sealed thermostated chambers (37°C) containing 2 ml of MIRO5 respiration medium \[0.5 mM EGTA, 3 mM MgCl~2~·6H~2~O, 65 mM KCl, 20 mM taurine, 10 mM KH~2~PO~4~, 20 mM HEPES, 110 mM sucrose, and 1 g/l BSA, pH 7.1\] [@pone.0114388-Gnaiger1]. Basal respiration was evaluated after closing the chambers. Maximal respiration was determined after blocking ATP-synthase activity by oligomycin (2.5 µM) and adding successive amounts of 0.2 µM CCCP to achieve maximal oxygen consumption. Data acquisition and analysis were performed using Oxygraph-2k-DatLab software version 4.3.2.7 (OROBOROS Instruments).

Measurement of intracellular ROS {#s2k}
--------------------------------

ROS accumulation was measured using the 2′, 7′-dihydrodichlorofluorescein-diacetate (H~2~DCF-DA) probe (Invitrogen). SIRT3shRNA or LucshRNA control cells grown on 24-well plate, were washed with Locke buffer (140 mM NaCl; 5 mM KCl; 1.2 mM MgCl~2~; 1.8 mM CaCl~2~; 10 mM glucose; 10 mM Hepes, 1 M Tris-HCl pH 7.5) and then incubated with 10 µM H~2~DCF-DA probe in Locke buffer for 20 minutes at 37°C. After a quick wash, fluorescence measurement (λex: 485/λem: 530 nm) was performed using Synergy2 microplate reader (Biotek France, Colmar, France) for 1 h. To account for the cell number in each cellular state, H2DCF-DA fluorescence was normalized using DNA content as previously described Laguerre et al. [@pone.0114388-Laguerre1].

Statistical analysis {#s2l}
--------------------

Data are represented as mean ± SD from at least three independent experiments. A Student\'s t-test was used to determine the effects of cell state on protein expression and of cell clones on fusion index. A two-way ANOVA followed by Bonferroni\'s pairwise multiple-comparison test was used to determine the effects of cell state and cell clones on protein expression, mitochondrial respiration, mitochondrial complex enzyme activities and ROS production. For all tests, statistical significance was set for *P* value*\<*0.05. The data were analyzed using the statistical package GraphPad Prism.

Results {#s3}
=======

SIRT3 expression during C2C12 differentiation {#s3a}
---------------------------------------------

To determine the expression profile of sirtuins during C2C12 myogenic differentiation, expression levels of SIRT1 and SIRT3 protein were quantified at different time points of C2C12 cell differentiation determined by the western blot detection of myogenic marker expression ([Fig. 1](#pone-0114388-g001){ref-type="fig"}). SIRT3 expression, hardly detectable in proliferating myoblasts, increased sharply at cell confluence (P\<0.001) and stayed elevated throughout differentiation. In contrast, SIRT1 protein levels, high in proliferating myoblasts, declined when cells undergo terminal differentiation with a marked decrease at differentiation day 3, down to the lowest expression level detectable at differentiation day 7 (P\<0.001).

![Changes in the expression of the SIRT3 protein during C2C12 myoblast differentiation.\
Western-blot analyses of SIRT3, SIRT1, Myogenin, MyoD, PGC-1α and VDAC protein expressions during proliferation (P), at cell confluence (C) and after 1, 3, 5, and 7 days of differentiation (D1, D3, D5, and D7 respectively). Representative blots are shown. Quantification was performed with Image J software and normalized relatively to Tubulin protein levels. Results are expressed as the mean ± SD of three separate experiments. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 *vs.* proliferating myoblasts for SIRT3, SIRT1, Myogenin, MyoD and \*P\<0.05, \*\*P\<0.01 *vs.* confluent myoblasts for PGC-1α and VDAC.](pone.0114388.g001){#pone-0114388-g001}

As expected, Myogenin expression occurred at the onset of terminal differentiation and reached a maximal value on day 3 of differentiation (P\<0.001). MyoD protein expression increased 24 h after the induction of differentiation and remained higher than proliferating myoblasts until day 5 of differentiation.

PGC-1α protein level significantly increased on the first day of differentiation and remained elevated during terminal differentiation (P\<0.01, day 7 vs. proliferation). VDAC protein level progressively increased during differentiation, up to 2-fold at day 7 of differentiation (P\<0.05 vs. proliferation).

shRNA knockdown of endogenous SIRT3 alters myogenic differentiation {#s3b}
-------------------------------------------------------------------

In order to investigate whether the early upregulation of SIRT3 expression reflects its functional involvement in myogenic differentiation, we silenced SIRT3 expression in C2C12 myoblast using specific shRNA (SIRT3shRNA).

Several myoblast clones displaying a moderate to strong decrease in SIRT3 mRNA levels were generated. The clone selected to conduct the experiments displayed a moderate inhibition of SIRT3 mRNA expression level (3 days of differentiation: −47% relative to control; P\<0.001; [Fig. 2A](#pone-0114388-g002){ref-type="fig"}) similar to the downregulation observed at the protein level (P\<0.001; [Fig. 2B](#pone-0114388-g002){ref-type="fig"})

![Depletion of SIRT3 impairs terminal myoblast differentiation.\
Endogenous SIRT3 expression in C2C12-LucshRNA (shCTL) and C2C12-SIRT3shRNA (shSIRT3) cells during proliferation (P), at cell confluence (C) and after 3 days of differentiation (D3). A) SIRT3 mRNA expression was monitored by real-time RT-PCR and normalized relatively to the reference genes ARP and TBP. Results are expressed as the mean ± SD of three independent experiments. B) Western blot analysis of SIRT3 protein expression. Quantification was performed with Image J software and normalized relatively to Tubulin protein level. Results are expressed as the mean ± SD of three separate experiments. ANOVA main effect: \#\#\# P\<0.001 *vs.* shCTL cells. Post-hoc significance: \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 *vs.* proliferating myoblasts for each cell type. §P\<0.05, §§P\<0.01 and §§§ P\<0.001 *vs.* shCTL cells at the same statstatee. C) Immunostaining of C2C12, C2C12-LucshRNA (shCTL) and C2C12-SIRT3shRNA (shSIRT3) cells with an anti-Troponin T (differentiated state) or anti α-tubulin (undifferentiated state) antibody and fusion index 3 days after the induction of differentiation. Nuclei were stained with Hoechst. Microphotographs of a typical experiment are shown (x400). Fusion index values are expressed as the mean ± SD of 10 images/dish using image J software. \*\*\* P\<0.001 *vs.* shCTL cells.](pone.0114388.g002){#pone-0114388-g002}

SIRT3 depletion resulted in the inhibition of C2C12 terminal differentiation as reflected by the dramatic decrease of myoblast fusion index recorded at day 3 of differentiation (shSIRT3: −100% relative to shCTL, P\<0.001; [Fig. 2C](#pone-0114388-g002){ref-type="fig"}). Immunocytochemistry detection of the differentiation marker Troponin T and the cytoskeletal α-tubulin confirmed that terminal differentiation was strongly inhibited in shSIRT3 cells ([Fig. 2C](#pone-0114388-g002){ref-type="fig"}). A similar impairment of C2C12 differentiation was seen in other shSIRT3 clones (data not shown).

SIRT3 depletion was accompanied by a significant decrease in MyoD expression at day 3 of differentiation (−50%; P\<0.01; [Fig. 3](#pone-0114388-g003){ref-type="fig"}) and fully abrogated the rise in Myogenin protein expression normally occurring at day 3 of differentiation in control C2C12 cells (−55%, P\<0.001; [Fig. 3](#pone-0114388-g003){ref-type="fig"}).

![Depletion of SIRT3 impairs Myogenin, MyoD and SIRT1 expression.\
Western-blot analyses of Myogenin, MyoD, Sirt1 and Tubulin in C2C12-LucshRNA (shCTL) and C2C12-SIRT3shRNA (shSIRT3) cells at the indicated states (Proliferation, P; Cell Confluence, C and 3 days after the induction of differentiation D3). Results are normalized relatively to Tubulin protein levels and expressed as the mean ± SD of three separate experiments. ANOVA main effect: \#\# P\<0.01, \#\#\# P\<0.001 *vs.* shCTL cells. Post-hoc significance: \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 *vs.* proliferating myoblasts for each cell type. §P\<0.05, §§P\<0.01 and §§§ P\<0.001 *vs.* shCTL cells at the same stage.](pone.0114388.g003){#pone-0114388-g003}

Although generally considered as a negative regulator of myoblast differentiation, we observed that SIRT1 protein expression was considerably decreased in SIRT3 depleted cells (P: −65%, C: −69% and D3: −69% relatively to control cells, P\<0.01, [Fig. 3](#pone-0114388-g003){ref-type="fig"}).

MyoD overexpression restores differentiation of SIRT3shRNA myoblast {#s3c}
-------------------------------------------------------------------

We showed that SIRT3 silencing in myoblasts resulted in the blockade of myogenic differentiation and myotube formation by inhibiting expression of MyoD and Myogenin, its downstream effector. We decided to test whether MyoD overexpression could overcome the pattern of differentiation seen in the SIRT3 depleted cells.

As expected, transient MyoD overexpression strongly stimulated C2C12 myoblast terminal differentiation (assessed by morphological criteria, Troponin T accumulation [Fig. 4A](#pone-0114388-g004){ref-type="fig"}) associated with an increase in Myogenin expression ([Fig. 4B](#pone-0114388-g004){ref-type="fig"}). Transient infection with MyoD in shSIRT3 myoblasts restored differentiation to levels found in normal C2C12 myoblasts, as shown by myotube formation, positive Troponin T immunostaining and increased Myogenin expression of the infected cells ([Fig. 4](#pone-0114388-g004){ref-type="fig"}).

![MyoD overexpression in shSIRT3 restores myoblasts differentiation.\
C2C12 and C2C12-SIRT3shRNA (shSIRT3) cells were infected with pBabe empty vector and pBabe-MyoD vector retroviral supernatants. A) Immunostaining with an anti-Troponin T antibody 3 days after the induction of differentiation. Nuclei were stained with Hoechst. Microphotographs of a typical experiment are shown (x400). B) Representative Western-blot of Myogenin at cell confluence (C) and after 3 days of differentiation (D3).](pone.0114388.g004){#pone-0114388-g004}

Influence of SIRT3 down-regulation on mitochondrial activity {#s3d}
------------------------------------------------------------

To address the effect of SIRT3 depletion on mitochondrial activity and biogenesis, we measured several parameters such as respiratory ratio, enzymatic activities of the respiratory chain complexes involved in substrate oxidation, and ROS accumulation.

In control cells, the basal respiration rate significantly increased from the proliferation state to the third day of differentiation ([Fig. 5A](#pone-0114388-g005){ref-type="fig"}), (P *vs.* D3: +161.3%, P\<0.001). Such changes were not observed in SIRT3 depleted myoblasts (P *vs.* D3: +48.5%, P = NS). Of note, both control (P *vs.* D3 +250%, P\<0.001) and SIRT3 depleted cells (P *vs*. D3 +212.5%, P\<0,001; [Fig. 5A](#pone-0114388-g005){ref-type="fig"}) increased their maximal respiration rate in response to CCCP treatment (from cell proliferation to day 3 of differentiation). However, basal and maximal O~2~ consumptions were lower during differentiation in SIRT3shRNA cells when compared to control cells (−49.8% and −30.0% respectively, P\<0.05; [Fig. 5A](#pone-0114388-g005){ref-type="fig"}).

![Influence of SIRT3 depletion on mitochondrial activity.\
A) Respiration rates in C2C12- LucshRNA (shCTL) and C2C12-SIRT3shRNA (shSIRT3) at cell proliferation (P), cell confluence (C) and 3 days of differentiation (D3). Values are normalized relatively to total protein levels. B) Citrate synthase, complex II and cytochrome c oxidase maximal activities in shCTL and shSIRT3 cells at cell proliferation (P), cell confluence (C) and 3 days of differentiation (D3). Results are expressed as mean ± SD from five independent experiments. ANOVA main effect: \#P\<0.05, \#\#P\<0.01 and \#\#\#P\<0.001*vs.* shCTL cells. Post-hoc significance: \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 *vs.* proliferating myoblasts for each cell type. §P\<0.05, §§P\<0.01 and §§§ P\<0.001 *vs.* shCTL cells at the same state.](pone.0114388.g005){#pone-0114388-g005}

As expected, citrate synthase activity, succinate dehydrogenase (complex II) and cytochrome c oxidase (COX) activities, all significantly increased from proliferation to day 3 of differentiation in control cells (P *vs*. D3: +116%, +190% and +273% respectively, P\<0.001; [Fig. 5B](#pone-0114388-g005){ref-type="fig"}), while a rise was also observed from proliferation to day 3 of differentiation in SIRT3 depleted cells (P *vs*. D3: +70%, +142% and +430%, respectively, P\<0.001; [Fig. 5B](#pone-0114388-g005){ref-type="fig"}). However, these activities were significantly lower in SIRT3 depleted cells than in control cells at day 3 of differentiation (CS: −31%, Complex II: −33%, COX, −35% P\<0.001; [Fig. 5B](#pone-0114388-g005){ref-type="fig"}).

In controls cells, the amount of intracellular ROS levels was significantly increased at day 3 of differentiation (P *vs*. D3 +37%, P\<0.001; [Fig. 6A](#pone-0114388-g006){ref-type="fig"}), while a rise was also observed in SIRT3 depleted cells from cell confluence (P *vs*. C: +22%, P\<0.001; P *vs*. D3: +12%, P\<0.001; [Fig. 6A](#pone-0114388-g006){ref-type="fig"}). SIRT3 depletion increased the amount of intracellular ROS levels compared to control cells (+47% in proliferating cells; +67% at cell confluence; and +20% at day 3 of differentiation, P\<0.001; [Fig. 6A](#pone-0114388-g006){ref-type="fig"}). Moreover, MnSOD, a target of SIRT3, displayed a significantly decreased activity in SIRT3-depleted cells when compared to control cells (−40%, P\<0.05; [Fig. 6B](#pone-0114388-g006){ref-type="fig"}).

![SIRT3 depletion induces an oxidative stress.\
A) Intracellular ROS accumulation in C2C12- LucshRNA (shCTL) and C2C12-SIRT3shRNA (shSIRT3) at cell proliferation (P), cell confluence (C) and 3 days of differentiation (D3). Values are normalized relatively to total DNA levels. ANOVA main effect: \#\#\# P\<0.001 *vs.* shCTL cells. Post-hoc significance: \*\*\*P\<0.001 *vs.* proliferating myoblasts for each cell type. §P\<0.05, §§§ P\<0.001 *vs.* shCTL cells at the same state. B) MnSOD maximal activity in shCTL and shSIRT3 cells cell confluence (C). Results are expressed as mean ± SD from five independent experiments. \*P\<0.05 *vs.* shCTL cells.](pone.0114388.g006){#pone-0114388-g006}

In order to test the influence of SIRT3 on mitochondrial biogenesis, we measured the expression of markers of the mitochondrial mass: PGC-1α, a major regulator of mitochondrial biogenesis and citrate synthase ([Fig. 7](#pone-0114388-g007){ref-type="fig"}). In shSIRT3 cells, PGC-1α and citrate synthase proteins level failed to increase during differentiation, with a significant decrease in PGC-1α protein level at day 3 of differentiation, when compared to control cells (−46%, P\<0.05).

![Influence of SIRT3 depletion on protein expression of mitochondrial content markers.\
At the indicated states (Proliferation, P; Cell Confluence, C and 3 days after the induction of differentiation, D3), 50 µg of total protein from C2C12-LucshRNA (shCTL) and C2C12- SIRT3shRNA (shSIRT3) were immunoblotted with antibodies raised against PGC-1α, CS or Tubulin as an internal control. Results are expressed as the mean ± SD of three separate experiments. Quantification was performed with Image J software and normalized relatively to Tubulin protein levels. ANOVA main effect: \#\# P\<0.01 *vs.* shCTL cells. Post-hoc significance: \*P\<0.05 *vs.* proliferating myoblasts for each cell type. §P\<0.05 *vs.* shCTL cells at the same state.](pone.0114388.g007){#pone-0114388-g007}

Discussion {#s4}
==========

Development and tissue growth require complex cellular mechanisms to meet cellular energy needs for protein, DNA and phospholipid synthesis, and expression of target genes. Developmental processes require a tight coordination between the expression of genes involved in cell specification, proliferation, differentiation, apoptosis, and the genes that optimize fuel metabolism. Consequently, genes involved in both tissue elaboration and metabolism are of particular interest. Among these genes, members of the sirtuin deacetylase family, the metabolic sensors responsive to cellular NAD+/NADH ratio, regulate the activity of target genes considered as major differentiation effectors. In particular, it has been shown that SIRT1 nuclear deacetylase regulates the activity of PGC-1α [@pone.0114388-Nemoto1] and MyoD [@pone.0114388-Fulco1].

Similarly, previous studies have established that changes in mitochondrial protein synthesis greatly influence myoblast differentiation [@pone.0114388-Rochard1], [@pone.0114388-Seyer1], [@pone.0114388-Seyer2]. Consequently, it would be expected that changes in mitochondrial proteins activity would also regulate these myogenic processes. Among mitochondrial sirtuins, the major mitochondrial deacetylase SIRT3 upregulates the activity of several proteins inside the organelle, leading to stimulation of mitochondrial activity [@pone.0114388-Lombard1]. Taken together, these results suggest a possible involvement of SIRT3 in the regulation of myoblast differentiation. However, the relationships between SIRT3 and myogenesis have not been studied yet.

Initially, we studied the pattern of SIRT3 expression during myoblast differentiation in parallel to that of major myogenic effectors, and mitochondrial biogenesis markers. As expected, increase in MyoD and Myogenin protein levels were in agreement with previous studies [@pone.0114388-Perry1]. Myogenin expression was induced on the first day of differentiation whereas MyoD expression increased moderately during differentiation from D1 to D5. Similarly, as already shown [@pone.0114388-Remels1], PGC-1α expression increased at the onset of differentiation and remained higher than that in confluent myoblasts. As PGC-1α is a master regulator of mitochondrial biogenesis [@pone.0114388-Scarpulla1], and in agreement with other studies [@pone.0114388-Remels1], [@pone.0114388-Kraft1], [@pone.0114388-Barbieri1], our results confirmed that myoblast differentiation is associated with a stimulation of mitochondriogenesis.

As reported by Fulco et al. [@pone.0114388-Fulco1], we observed that SIRT1 expression, elevated in proliferating myoblasts, sharply decreased during terminal differentiation. Because this sirtuin is considered to be a potent repressor of myoblast differentiation mainly through the inhibition of MyoD activity [@pone.0114388-Fulco1], alterations of SIRT1 expression modulates the progression of the myogenic process. Interestingly, SIRT3 expression displayed a bigger and longer lasting increase than myogenin at the very onset of differentiation, suggesting a possible involvement of SIRT3 on the myogenic process.

In agreement, SIRT3 depletion blocked myoblast differentiation; we could not detect polynucleated myotubes three days after the induction of differentiation (medium change), and Troponin T, an early marker of differentiation, was barely or not detected in these cells. This influence was associated with a significant decrease of Myogenin expression, a myogenic transcription factor requisite for terminal differentiation, which did not increase after the induction of differentiation as shown in control myoblasts. Similarly, MyoD protein expression was significantly lower in SIRT3 depleted cells when compared to control ones, and did not display a differentiation-induced rise. These data suggested that inhibition of MyoD expression induced by SIRT3 depletion could be responsible for the alteration of Myogenin expression, a direct MyoD target [@pone.0114388-Berkes1]. Interestingly, overexpression of MyoD in SIRT3-depleted myoblasts restored Myogenin expression and the fusogenic potential of these cells indicating that the activity of the myogenic factor is not affected in shSIRT3 myoblasts. Thus, SIRT3 depletion impaired myogenic differentiation through repression of MyoD expression, a master regulator of skeletal myogenesis. Our data suggested that silencing of SIRT3 might either interfere with a positive regulator of MyoD expression or stabilize a repressor of *MyoD* transcription.

Another striking result was the observation that SIRT3 depletion strongly inhibited SIRT1 expression. As endogenous SIRT1 protein levels decreased during differentiation, these changes did not result from the differentiation block. Instead SIRT3 may directly or indirectly regulate SIRT1 expression level, providing a fine tuning of myoblast differentiation through a regulatory loop. Such a mechanism could be involved in optimization of muscle development through induction of fusion processes (SIRT3) and preservation of a sufficient myoblast proliferation period (SIRT1). In addition, this result established that the inhibition of differentiation demonstrated in SIRT3 depleted myoblasts is not mediated through upregulation of SIRT1.

As SIRT3 deacetylates mitochondrial proteins and stimulates organelle activity [@pone.0114388-Verdin1], one interesting hypothesis would be that SIRT3 may affect myoblast differentiation through the control of mitochondrial activity and/or biogenesis. In agreement with other studies, our findings reveal that the mitochondrial activity increased from cell confluence to three days of differentiation, as reflected by significant increases in citrate synthase, complex II and cytochrome oxidase maximal activities, and maximal respiration, in control cells. This could result from the upregulation of the organelle biogenesis occurring during terminal differentiation. Indeed, we observed an increase in the expression of PGC-1α, a well-known regulator of mitochondriogenesis [@pone.0114388-Wu1].

SIRT3 depletion significantly inhibited basal and maximal mitochondrial respiration, as well as citrate synthase, complex II and cytochrome oxidase maximal activities. This reduction of the organelle activity could thus be explained by the inhibition of mitochondrial biogenesis and/or the inability of SIRT3 to deacetylate several individual proteins inside mitochondria. In line with this hypothesis, the activity of complex II that comprises a subunit (SdhA) specifically deacetylated by SIRT3 [@pone.0114388-Cimen1], [@pone.0114388-Finley1] is affected by SIRT3 depletion. Moreover, the expression of PGC-1α is decreased in SIRT3 depleted cells. A decrease in PGC-1α expression was previously reported in skeletal muscle of SIRT3-deficient mice [@pone.0114388-Palacios1] suggesting a potential regulation of mitochondrial biogenesis by SIRT3.

As well, we wanted as well to answer whether SIRT3 myogenic activity was essentially mediated through its control of mitochondrial function. Several results argued in favor of this hypothesis: i) through deacetylation defects, SIRT3 depletion probably inhibited the activity of specific proteins inside the organelle leading to a decreased mitochondrial activity [@pone.0114388-Zhong1]; ii) inhibition of mitochondrial protein synthesis induces a functional deficiency of the organelle and a differentiation arrest mediated by inhibition of Myogenin expression [@pone.0114388-Rochard1], [@pone.0114388-Seyer1]; iii) similarly, SIRT3 depletion significantly reduces Myogenin expression. However, while inhibition of mitochondrial protein synthesis did not affect MyoD protein expression [@pone.0114388-Rochard1], [@pone.0114388-Seyer1], SIRT3 depletion led to a decrease in the expression of the myogenic factor. Taken together, these results suggested that besides its direct influence on the organelle activity, SIRT3 could act *via* an additional mechanism. In agreement with Jing et al. [@pone.0114388-Jing1], we report a rise in ROS production in SIRT3 depleted myoblasts related to the decrease of MnSOD activity. Given that MnSOD is a target of SIRT3 [@pone.0114388-Qiu1], [@pone.0114388-Tao1], this result indicates a possible hyperacetylation of the antioxidant enzyme in depleted SIRT3 cells. ROS are not only detrimental products leading to alterations in lipids, proteins and DNA molecules, but also second messengers involved in cell signaling [@pone.0114388-Brookes1], they could therefore participate in this additional mechanism. Intracellular ROS affect the phosphorylation, activation, oxidation, and DNA-binding ability of various transcription factors including activator protein 1 (AP-1), nuclear factor kappa B (NF-κB), p53, leading to changes in their target gene expression [@pone.0114388-Verschoor1]. In myoblasts, it has been shown that inducers of NF-κB (p65) reduced or blocked terminal differentiation by decreasing mRNA expression and stability of MyoD [@pone.0114388-Guttridge1]--[@pone.0114388-Wang1]. Thus, the increased ROS level observed in shSIRT3 myoblast mitochondria could result in the downregulation of the myogenic transcription factor MyoD expression through activation of NF-κB. The potential role of NF-κB as a downstream effector of shSIRT3-mediated skeletal muscle dysfunction should therefore be further explored.

In conclusion, this study reported the first results concerning the expression of SIRT3 during myoblast differentiation and established that this sirtuin is a potent positive regulator of the myogenic differentiation. This regulation resulted from its specific activity inside the mitochondria. In addition, we have demonstrated the occurrence of a crosstalk between SIRT3 and SIRT1, able to induce fine tuning of differentiation. Apart from its recognized metabolic role, SIRT3 could therefore be a crucial regulator of muscle differentiation.
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